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We investigate the observational consequences of a novel class of stable interacting dark energy
(IDE) models, featuring interactions between dark matter (DM) and dark energy (DE). In the
first part of our work, we start by considering two IDE models which are known to present early-
time linear perturbation instabilities. Applying a transformation depending on the dark energy
equation of state (EoS) to the DM-DE coupling, we then obtain two novel stable IDE models.
Subsequently, we derive robust and accurate constraints on the parameters of these models, assuming
a constant EoS wx for the DE fluid, in light of some of the most recent publicly available cosmological
data. These include Cosmic Microwave Background (CMB) temperature and polarization anisotropy
measurements from the Planck satellite, a selection of Baryon Acoustic Oscillation measurements,
Supernovae Type-Ia luminosity distance measurements from the JLA sample, and measurements
of the Hubble parameter up to redshift 2 from cosmic chronometers. Our analysis displays a mild
preference for the DE fluid residing in the phantom region (wx < −1), with significance up to 95%
confidence level, while we obtain new upper limits on the coupling parameter between the dark
components. The preference for a phantom DE suggests a coupling function Q < 0, thus a scenario
where energy flows from the DE to the DM. We also examine the possibility of addressing the H0
and σ8 tensions, finding that only the former can be partially alleviated. Finally, we perform a
Bayesian model comparison analysis to quantify the possible preference for the two IDE models
against the standard concordance ΛCDM model, finding that the latter is always preferred with the
strength of the evidence ranging from positive to very strong.
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2I. INTRODUCTION
In the concordance ΛCDM model, dark matter (DM) and dark energy (DE) are pictured as non-interacting com-
ponents. Nonetheless, cosmological models where DM and DE interact with each other through some dark couplings
exist, historically motivated by the possibility of addressing the cosmic coincidence problem, although it is now un-
derstood that the background energy exchange (and corresponding couplings) necessary to address such problem is
too large and observationally excluded (see e.g. [1, 2] for reviews). In addition, such interactions were initially also
considered in order to alleviate the cosmological constant problem [3]. Such classes of models are usually referred to
as coupled or interacting dark energy (IDE) models.
In recent years, interacting dark energy models, as well as similar related models, have been studied within a plethora
of contexts: these range from model-building, to simulations, and finally to observational tests [4–59]. Although from
the fundamental physics viewpoint the mechanism residing behind the interactions between the dark components is
yet unknown due to the unknown nature of DM and DE, while simple parametrizations allowing the study of the
impact of such interactions at the level of cosmological data exist1. In fact, it has been found that couplings between
DM and DE, as long as sufficiently tiny, are allowed by cosmological data (see e.g. [80–85]).
More interestingly still, such an interaction between the dark components has been shown to be potentially able
to reconcile some of the tentative tensions between high- and low-redshift cosmological observables [83, 86], such as
the tension between cosmic microwave background (CMB) [87, 88] and local determinations of the Hubble constant
H0 [89]. In addition, an interaction between DM and DE has been shown to be effective in alleviating the tension
between the value of σ8 inferred from the CMB and the weak lensing measurements [90, 91], such as those from the
Canada France Hawaii Lensing Survey (CFHTLenS) [92, 93], the Kilo Degree Survey of 450 deg2 of imaging data
(KiDS-450) [94], and the Dark Energy Survey (DES) [95]. Recently, it was shown that a constraint on the DM-DE
scattering cross section of order σDM-DE < 10−29 cm2 (mDM/GeV) (wheremDM is the DM mass scale) can be obtained
by a combination of recent cosmological data [96]. At any rate, it is worth keeping in mind that these tensions are
tentative rather than persistent (due to their currently low statistical significance), and might very well be due to
systematic effects (see e.g. [97]).
In the present work, we explore additional features of IDE models, especially related to the stability of the linear
perturbations evolution. The presence of an interaction between the dark components changes the dynamics at the
perturbative level and consequently the processes leading to structure formation, as well as those determining the
properties of the CMB. It has been found that the DE equation of state (EoS), wx, plays a determining role when
the structure formation process is considered. In fact, as soon as the DE EoS crosses the phantom divide given by
wx = −1, instabilities appear due to dark sector perturbations at early times, leading to the blow-up of curvature
perturbations on super-horizon scales (see also [98–100] for relevant works). In order to avoid such problems, two
separate regions in the parameter space for the DE EoS are usually explored: the non-phantom region where wx > −1
and the phantom region where wx < −1. Having to examine these two regions of parameter space separately is, of
course, undesirable, since it can obscure important cosmological dynamics. Recently, in [101, 102] it was shown that
such problem might be bypassed by considering specific EoS-dependent forms for the coupling between DM and DE.
In other words, a choice of some novel forms for the coupling function may be used to construct novel IDE models
which are stable for both phantom and non-phantom values of the EoS of DE. In order to avoid divergences at the
perturbative level within the context of IDE models, a parametrized post-Friedmann framework has also been applied
[103–105].
In this paper, we extend the previous analyses [101, 102] by choosing coupling functions proportional to the energy
density of the DM. In normal circumstances, such couplings are well-known to present instabilities at early times.
Motivated by the possibility of determining whether certain couplings offer a more satisfactory description of current
observational data, with the restriction that the resulting dark sector’s perturbations be stable, we use the method
proposed in [101, 102] and introduce an EoS-dependence in the DM-DE coupling: we obtain in such a way two IDE
models with couplings which are still proportional to the DM energy density, but whose dark sector perturbations
are now stable. Thus, with the methodology presented here, we are granted the possibility of examining previously
problematic couplings presented in the literature.
In our work, we determine novel constraints on the DM-DE coupling parameter for two stable IDE models where
the coupling functions (determining the energy flow between the dark components) are proportional to the energy
density of the DM particles. Our analysis also indicates a mild preference for the DE EoS being of phantom character
(wx < −1) for both IDE models, in some cases with a significance greater than 95% CL. In addition, we also perform
1 Interestingly, fundamental physics models underlying DM-DE interactions can be found for instance in modified gravity models. In the
Einstein frame, many modified gravity models may be written as an effective interacting DM-DE model. To make a concrete example
relevant to a model which has been studied considerably in the recent literature, mimetic gravity [60–63] (see also [64–78]) with a
non-vanishing potential V (φ) for the mimetic φ effectively corresponds to an interacting DM-DE model (see especially the discussion
towards the end of Sec. 2 of [79], where the fact that this is an interacting DM-DE model is clarified).
3a Bayesian model comparison analysis, by computing the Bayesian evidence for the two IDE models we consider
and comparing it to the evidence for the standard ΛCDM model. The model comparison part of our analysis is an
important aspect often not considered in previous related works: in fact, extended models with additional parameters
with respect to ΛCDM (such as our two IDE models, which feature two additional parameters) are generally expected
to improve the fit to cosmological data when compared to ΛCDM. However, only if the improvement in fit is sufficiently
large the model can be considered statistically preferred over ΛCDM, thus, overcoming the fact that the Bayesian
evidence penalizes the presence of additional parameters (this can be seen as a quantification of Occam’s razor, in
other words, models should not be unnecessarily complicated unless deemed so by the data). Our Bayesian model
comparison analysis therefore allows us to quantify the statistical preference (if any) for the two IDE models over
ΛCDM.
This work has been organized as follows. In Section II, we discuss the basic equations of IDE models both at
background and perturbation level. In Section III, we introduce the two stable parametric interacting DM-DE models,
as well as the resulting perturbation equations. In Section IV we discuss the observational data used, with results of
the analysis presented in Section V. Finally, in Section VI, we provide concluding remarks.
II. BACKGROUND AND PERTURBATIONS EQUATIONS
We consider a homogeneous and isotropic model for the universe, described by the Friedmann-Lemaître-Robertson-
Walker (FLRW) metric, whose line element is given by:
ds2 = −dt2 + a2(t)
[
dr2
1− κr2 + r
2
(
dθ2 + sin2 θdφ2
)]
(1)
where a(t) is the expansion scale factor and κ is a constant parametrizing the curvature of space, which can be flat,
open or closed for κ = 0, −1 and +1 respectively. In this work, we shall only consider a spatially flat Universe, and
hence fix κ = 0. The matter sector is assumed to be minimally coupled to gravity. The total energy density in the
matter sector comes from the contributions of four components, namely, radiation, baryons, cold DM and DE. In the
following, we shall use this notation: ρi denotes the energy density of the i-th species where i runs over radiation (r),
baryons (b), DM (c) and DE (x). In a similar fashion, we identify pi as being the pressure of the i-th species.
As previously discussed, we assume that the DM and DE fluids interact with each other. The baryon and radiation
components are subject to the standard continuity equations. On the other hand, since DM and DE interact among
each other, their continuity equations are modified. In particular, in a FLRW universe, these equations are modified
to the following:
ρ′c = −3Hρc − aQc, (2)
ρ′x = −3H(1 + wx)ρx − aQx, (3)
where wx = px/ρx is the EoS parameter of the DE, the energy transfer rate or the interaction rate is Qc = −Qx = Q,
the prime has been taken with respect to the conformal time, and H = a′/a is the conformal Hubble parameter. At
this point one can consider a variety of phenomenological functional forms for the energy transfer rates between the
dark sectors. The predictions for various functional forms, which affect the dynamics of the universe, then can and
should be compared against observations. The expansion rate of the universe can be written as:
H2 = 8piG
3
a2
∑
i
ρi . (4)
Thus, using Eqs. (2,3) together with Eq. (4), one can easily determine the background dynamics of IDE models.
At this point, all that remains to choose is the functional form for the DM-DE interaction rate Q. Common choices
for the interaction rates depend on the energy densities of the DM and DE (e.g. Q ∝ ρc, Q ∝ ρx, or more complicated
forms). However, these commonly used choices usually lead to instabilities for certain values of the DE EoS wx, so
that this parameter needs to be fixed or restricted to certain regions of parameter space. This undesirable feature
leads of course to a loss of information when testing these models against observations. The problem can, nevertheless,
be resolved in a class of special interaction models recently proposed [101, 102]. In this work, we extend the analysis
to include additional interaction models which would under normal circumstances feature instabilities. In order to do
so, it is necessary to discuss perturbations around the flat FLRW background.
In what follows, we consider the perturbed FLRW metric, whose line element is given by the following:
ds2 = a2(τ)
[
− (1 + 2φ)dτ2 + 2∂iBdτdxi +
(
(1− 2ψ)δij + 2∂i∂jE
)
dxidxj
]
, (5)
4where τ denotes conformal time whereas φ, B, ψ and E are the the gauge-dependent scalar perturbation quantities.
Covariant conservation of energy-momentum is described by the following equations:
∇νTµνA = QµA,
∑
A
QµA = 0, (6)
where the symbol A stands for either DM or DE, and the quantity QµA is defined by :
QµA = (QA + δQA)u
µ + a−1(0, ∂ifA), (7)
with uµ the velocity four-vector and QA the background energy transfer, i.e. QA = Q. We here consider the simplest
possibility wherein the momentum transfer potential is zero in the rest frame of DM, i.e. k2fA = QA(θ− θc). Within
the perturbed FLRW metric, the perturbation equations for the fluid A are given by the following [9, 10, 12]:
δ′A + 3H
(
c2sA − wA
)
δA + 9H2 (1 + wA)
(
c2sA − c2aA
) θA
k2
+ (1 + wA) θA − 3 (1 + wA)ψ′ + (1 + wA) k2 (B − E′)
=
a
ρA
(δQA −QAδA) + aQA
ρA
[
φ+ 3H (c2sA − c2aA) θAk2
]
, (8)
θ′A +H
(
1− 3c2sA
)
θA − c
2
sA
1 + wA
k2δA − k2φ = a
(1 + wA)ρA
[(
QAθ − k2fA
)− (1 + c2sA)QAθA], (9)
where we have neglected shear stress, i.e. piA = 0. In addition, c2sA, c
2
aA, are respectively the square of the physical and
adiabatic sound speed of the fluid A, and θ = θµµ is the volume expansion scalar. In order to avoid serious instabilities,
c2sA ≥ 0 needs to be assumed in general, as we shall do here.
In relation to the early-time stability of linear perturbations in the dark sector, we now need to concentrate on
a second issue, i.e. that of pressure perturbations of the DE. One clearly sees that the behaviour of the DE EoS
parameter might lead to a divergence in the limiting case where wx → −1, as follows [106]:
δpx = c
2
sxδρx + 3Hρx(1 + wx)(c2sx − c2ax)
[
1− aQ
3Hρx(1 + wx)
]
θx
k2
. (10)
From Eq. (10), we see that the quantity of interest is given by the second factor in the square bracket on the right-
hand side. In particular, this should be positive in order to ensure the stability of the model. We therefore define the
“doom-factor" d as follows [106]:
d ≡ − aQ
[3Hρx(1 + wx)] , (11)
where stability of the IDE model is obtained for d ≤ 0. Analyzing the sign of the doom factor will therefore determine
the conditions under which a given IDE model is stable.
Let us consider some IDE models commonly examined in the literature. Most of the couplings considered in the
literature envision an energy transfer rate of the form Q = ξQ¯ or Q = ξHQ¯, where ξ is a constant coupling determining
the strength of the DM-DE interaction. The function Q¯ is generally chosen to depend on the energy densities of the
dark fluids (ρc and ρx) as well as their first or second order derivatives with respect to some suitable variable. We
focus on the choice of functional form of Q where the Hubble factor appears explicitly, i.e. Q = ξHQ¯. In this case,
the doom factor is given by the following:
d = − ξ Q¯
3ρx(1 + wx)
. (12)
We can make a few observations from Eq. (12). If the function Q¯ is chosen in such a way that it is positive (e.g. one
may recall the choices Q¯ = ρc, ρx, (ρc + ρx) which are among the most used and well-known interaction terms in the
literature, where obviously the energy densities for DM and DE are positive) the interaction model becomes stable
for the following two parameters ranges:
• ξ > 0 and wx > −1, or
• ξ < 0 and wx < −1
The scenario with wx = −1 has been included as a limiting case. Allowing wx to move freely and possibly cross the
phantom divide wx = −1 for the above interaction model, will lead to divergences in the doom factor and consequently
to instabilities, which render the model unphysical. The discontinuity in the parameter space of wx inevitably leads to
information loss when comparing the model against observations. In the next Section, we will deal with this problem
and propose two novel stable IDE models.
5III. TWO STABLE INTERACTING DARK ENERGY MODELS
In this section, let us propose two new couplings in the dark sector which circumvent the problem discussed above.
We introduce a factor of the (1 + wx) to the energy transfer rate in order to obtain a model which is stable for any
choice of wx, and hence test the entire parameter space of wx against observations. In what follows, we propose a
general parametric form for the energy transfer rate given by the following:
Q = (1 + wx)Hf(ξ, ρc, ρx), (13)
with f(ξ, ρc, ρx) representing a generic function of the energy densities of the dark components as well as of the
coupling parameter ξ. Assuming Eq. (13), the doom factor is given by the following:
d = −f(ξ, ρc, ρx)
3ρx
. (14)
A brief comment is in order at this point. Although phenomenological in nature, the type of coupling given in
Eq. (13) could actually be quite problematic from a fundamental physics point of view. On the one hand, one would
generically expect local interactions between DM and DE particles/fields to determine the interaction rate appearing
in Eq. (13). However, in the given form the latter depends on the Hubble rateH, a global quantity, raising the question
of how local interactions should “know" about the global expansion rate. On the other hand, a more serious issue
arises if one investigates the quantum field theory of coupled DE models more thoroughly. The fact that the dynamical
scales of DM and DE are so different leads to the expectation that the two components should be decoupled, and hence
should not interact very efficiently. Insisting on couplings between DM and DE strong enough to lead to observational
signatures will then generically lead to large quantum corrections which can spoil the successful behavior of the DE
component, while long-range DE-induced forces on the DM component can spoil agreement with observations [107].
These issues can moreover exacerbate the cosmological constant problem, and are not limited to interacting DM-DE
models but are more generically present in models wherein fundamental parameters are varying across cosmological
timescales [108]. Interestingly, one can still envision coupled DE models wherein the above problems are alleviated
by considering scenarios featuring multiple axions, some of which would constitute the DM while others still would
constitute the DE [107].
At any rate, in this paper we shall not be concerned with the microscopical origin of the considered DM-DE
interactions. Instead, we will simply take the energy transfer rate given in Eq. (13) as a convenient phenomenological
parametrization. From the historical point of view, in fact, works focusing on observational constraints on coupled
DE have often adopted similar coupling functions, while being agnostic as to the fundamental microscopic origin of
such couplings and associated problems. One of the reason for such a choice is that DM and DE are conveniently
modeled as fluids on cosmological scales, and a mixing between fluids at the level of background evolution such as in
Eq. (13) is conceivable and very simple to model. Keeping these caveats concerning the phenomenological nature of
the given coupling in mind, in the following, let us introduce two models.
A. Model IDErc1
It is a well-known fact that the choice Q ∝ ρc leads to instabilities due the coupling in the dark sector perturbations
at early times, with curvature perturbations blowing up on super-horizon scales. Motivated by the possibility of
addressing this problem through the wx-dependent term in Q, and in order to test our proposal, we propose a first
interaction where we make the simple choice of the dark coupling being only a function of the DM energy density, that
is, f = 3ξρc. The factor 3 is introduced here just for mathematical convenience. Specifically, we consider a coupling
function given by:
Q = 3(1 + wx)Hξρc . (15)
In this case, we find that the doom factor is give by dIDErc1 = −ξρc/ρx. Thus, the stability of the model is ensured
by the condition d ≤ 0, whose fulfillment only depends on the sign of ξ and implies ξ > 0. We refer to this IDE model
with coupling given by Eq. (15) as IDErc1.
It is important to note that the sign of the coupling function will depend on the dynamical nature of the DE (that
is, on wx) and on the coupling parameter ξ. Since ξ ≥ 0 is a necessary condition to have the stability, the behavior
of wx (phantom or quintessence-like) will determine the nature of the coupling between the dark components. In
particular, for phantom DE (wx < −1), the factor 1 + wx becomes negative, and hence Q < 0. This corresponds
to a scenario where energy transfer occurs from DE to DM. Similarly, for quintessence-like DE (wx > −1), we have
Q > 0, with energy flowing from DM to DE. Our approach thus opens a whole new perspective towards investigating
6the interactions between DM and DE, envisioning scenarios where the dynamical nature of DE determines the form
of the coupling function. To summarize, to quantify the dark coupling we need to analyze both the parameters wx
and ξ. Within our approach, the sign of Q is influenced by the DE EoS, and Q < 0 is possible for a phantom DE.
Within the IDErc1 model, the linear perturbation equations for the DE and DM components in synchronous gauge
are given by the following:
δ′x = −(1 + wx)
(
θx +
h′
2
)
− 3H(c2sx − wx)
[
δx + 3H(1 + wx)θx
k2
]
+ 3Hξ(1 + wx) ρc
ρx
[
−δx + δc + θ + h
′/2
3H + 3H(c
2
sx − wx)
θx
k2
]
, (16)
θ′x = −H(1− 3c2sx)θx +
c2sx
(1 + wx)
k2δx + 3Hξ ρc
ρx
[
θc − (1 + c2sx)θx
]
, (17)
δ′c = −
(
θc +
h′
2
)
− 3Hξ(1 + wx)θ + h
′/2
3H , (18)
θ′c = −Hθc. (19)
B. Model IDErc2
Let us now consider a second interaction scenario, where the dark coupling instead depends on linear combinations
of the interaction rates Q ∝ ρc and Q ∝ ρx. In particular, we assume f = 3ξ(ρc + ρx). Hence, the coupling function
for this model is given by the following:
Q = 3(1 + wx)Hξ(ρc + ρx). (20)
We refer to this IDE model as IDErc2. For this model, the doom factor is given by dIDErc2 = −ξ(ρc + ρx)/ρx. As
for the IDErc1 model, we can see that the stability of the model is guaranteed for ξ > 0. The arguments concerning
the sign of Q (and hence the direction of energy flow between DM and DE) and its relation to the phantom or
quintessence-like nature of the DE EoS wx we presented for the IDErc1 model hold for this model too.
The linear perturbation equations for the DE and DM components in the IDErc2 model, in synchronous gauge,
are given by:
δ′x = −(1 + wx)
(
θx +
h′
2
)
− 3H(c2sx − wx)
[
δx + 3H(1 + wx)θx
k2
]
+ 3Hξ(1 + wx)ρc + ρx
ρx
[
−δx + ρcδc + ρxδx
ρc + ρx
+
θ + h′/2
3H + 3H(c
2
sx − wx)
θx
k2
]
, (21)
θ′x = −H(1− 3c2sx)θx +
c2sx
(1 + wx)
k2δx + 3Hξ ρc + ρx
ρx
[
θc − (1 + c2sx)θx
]
, (22)
δ′c = −
(
θc +
h′
2
)
+ 3Hξ(1 + wx)ρc + ρx
ρc
(
δc − ρcδc + ρxδx
ρc + ρx
− θ + h
′/2
3H
)
, (23)
θ′c = −Hθc. (24)
Notice that when removing the (1 + wx) factor, the two models considered are closely related to those considered
in [9]. The unstable nature of such models when the (1 +wx) factor is not present was studied there and can be seen
by inspecting Fig. 1 (lower left panel) and Fig. 3 (lower panel) of [9]. There it is clearly shown that, for choices of
cosmological parameters which make the models unstable, the gauge-invariant curvature perturbation ζ blows up on
super-Hubble scales to values |ζ|  10100, in the second case with oscillations with amplitude |ζ| > 10300.
Having defined the two IDE models we will consider in this work, we can now proceed to comparing their predictions
against observational data. In particular, we aim to obtain constraints on the parameters governing the coupling
between DM and DE (ξ and wx), in addition to the usual cosmological parameters. In the following Sections, we will
describe the observational data against which we constrain the IDE models IDErc1 and IDErc2, as well as the result
of our analysis.
7Parameter Prior (IDE)
Ωbh
2 [0.005, 0.1]
τ [0.01, 0.8]
ns [0.5, 1.5]
log[1010As] [2.4, 4]
100θMC [0.5, 10]
wx [−2, 0]
ξ [0, 2]
TABLE I. Flat priors on the various cosmological parameters associated to the interacting dark energy models in this work.
IV. OBSERVATIONAL DATA AND ANALYSIS METHODOLOGY
To constrain the chosen IDE models, we use a selection of some of the most recent cosmological datasets, described
in the following. We have conservatively chosen not to utilize datasets which could be in tension with each other, and
hence we have not used local measurements of the Hubble parameter H0 since we included CMB data, and similar
considerations hold for some recent weak lensing measurements.
• CMB: We use measurements of CMB temperature and polarization anisotropies, as well as their cross-
correlations, from the Planck satellite [109]. In particular, we use a combination of the high- and low-`
TT likelihoods (in the overall multipole range 2 ≤ ` ≤ 2508), as well as a combination of the high- and low-`
polarization likelihoods [110]. This dataset combination is usually referred to as Planck TTTEEE+lowTEB. We
analyze these datasets using the publicly available Planck likelihood [110], which automatically marginalizes over
several nuisance parameters describing uncertainties related to calibration, residual foreground contamination,
residual beam-leakage, and so on.
• BAO: We consider four distinct Baryon Acoustic Oscillations (BAO) distance measurements. In particular, we
use data from (i) the 6dF Galaxy Survey (6dFGS) (zeff = 0.106) [111], (ii) the Main Galaxy Sample of Data
Release 7 of the Sloan Digital Sky Survey (SDSS-MGS) (zeff = 0.15) [112], (iii) the CMASS sample of Data
Release 12 (DR12) of the Baryon Oscillation Spectroscopic Survey (BOSS) (zeff = 0.57) [113] and finally (iv)
the LOWZ sample (zeff = 0.32) from the same BOSS data release (DR12) [113].
• JLA: We use the Joint light-curve analysis (JLA) sample of Supernovae Type Ia comprising 740 luminosity
distance measurements in the redshift interval z ∈ [0.01, 1.30] [114].
• CC: Finally, we consider direct measurements the Hubble parameter from cosmic chronometers (CC). Here, we
take the recent compilation 30 measurements of the Hubble parameter data in the redshift interval 0 < z <
2 [115], recompiled after significant improvements in the treatment of the associated systematics (mainly associ-
ated to the metallicities of the galaxies used in the analyses). These are model-independent measurements of the
expansion history relying on massive and passively evolving early-type galaxies which provide standardizable
clocks, whose differential age evolution as a function of redshift provides an estimate of the Hubble parameter
at high redshifts.
We consider a 8-dimensional parameter space described by the usual 6 parameters of the concordance ΛCDM
model (the baryon and cold dark matter physical energy densities Ωbh2 and Ωch2, the ratio of the sound horizon at
decoupling to the angular diameter distance to last scattering 100θMC , the optical depth to reionization τ , and the
amplitude and tilt of the primordial power spectrum of scalar fluctuations As and ns), plus two additional parameters:
the dark energy equation of state wx, and the strength of the DM-DE coupling ξ. We impose flat priors on the 8
parameters, with prior ranges given in Table I.
To sample the posterior distribution of the cosmological parameters, we use the Monte Carlo Markov Chain (MCMC)
sampler CosmoMC [116], which implements an efficient sampling method. We assess the convergence of the generated
MCMC chains through the Gelman-Rubin statistic R− 1 [117].
In addition to a parameter estimation analysis where we infer the cosmological parameters within the two IDE
models in light of data, another part of our work consists in a Bayesian model comparison analysis. Such an analysis
is typically (although not always) missing in previous similar studies, which typically only assess the improvement in
fit brought about by introducing the DM-DE interaction by computing the difference between χ2 goodness-of-fit, ∆χ2,
between a given IDE model and a baseline model, usually ΛCDM. However, the ∆χ2 is actually not a good measure
of the statistical preference for a model over a baseline model (let us for definiteness hereafter take the baseline model
to be ΛCDM), especially if the two models are nested (i.e. the baseline model is recovered as a particular case of the
8extended model: for instance, in our case the ΛCDM model is recovered from the two IDE models when ξ = 0 and
wx = −1). In the latter case, an improvement in fit (i.e. a lower χ2) is guaranteed by construction in the extended
model, since the fit can in the worst case only be as bad/good as in the baseline model. However, only a large enough
increase in the improvement of fit can justify the presence of additional parameters and hence the increased model
complexity, in the spirit of Occam’s razor.
A Bayesian evidence (BE) calculation formally quantifies the previous statement, by computing the Bayes factor for
the extended model over the baseline one. In fact, the BE trades the higher likelihood of the extended model against
the increase in model complexity and hence prior volume. It is worth reviewing some basics of BE calculation. Let
us consider a dataset x, and two competing modelsMi andMj , described by the parameters θi and θj respectively
(where θi can be a subset of θj , or vice versa, in the case of nested models). The Bayes factor Bij of modelMi with
respect to modelMj , assuming equal prior probabilities for the two models (which is usually the case) is then given
by:
Bij =
p(Mi|x)
p(Mj |x) , (25)
where the p(Mi|x) is the Bayesian evidence of modelMi and is given by:
p(Mi|x) =
∫
dθi pi(θi|Mi)L(x|θi,Mi) , (26)
with pi(θi|Mi) and L(x|θi,Mi) the prior on the parameters θi and the likelihood of the data given the model
parameters θi respectively (and of course, analogously for the Bayesian evidence of modelMj). A value of Bij > 1
indicates that data support the model Mi more strongly than model Mj , which might be the case even when the
goodness-of-fit of modelMj improves over that ofMi, but the former is penalized by the increased model complexity.
There exist scales which allow for qualitative interpretations of different values of Bij (or alternatively lnBij). In
this work, we will adopt an alternative to the widely used Jeffreys scale, provided by Kass and Raftery [118], and
summarized in Tab. II.
Computing the BE evidence, and hence the Bayes factor, is notoriously computationally expensive. Recently,
progress on the matter was made in [119, 120], where it was noted that the BE can be directly computed from
the MCMC chains used to perform parameter estimation. The proposed algorithm, implemented in the MCEvidence
code2, uses kth nearest neighbor distances with distances computed using the Mahalanobis distance, where the inverse
covariance matrix estimated from the MCMC chains defines the metric, to estimate the Bayesian evidence from the
MCMC samples provided by the chains. In this work, we use the MCEvidence code to compute the logarithm of the
Bayes factor of the two IDE models against the standard ΛCDM model, i.e. we calculate lnBij (where i =IDErc1
or IDErc2 and j = ΛCDM), and then use the revised Jeffreys scale summarized in Tab. II to quantify the obtained
values of lnBij in terms of strength of evidence for ΛCDM (since, as we shall see, the concordance ΛCDM model
appears statistically preferred over the two IDE models).
lnBij Strength of evidence for modelMi
0 ≤ lnBij < 1 Weak
1 ≤ lnBij < 3 Definite/Positive
3 ≤ lnBij < 5 Strong
lnBij ≥ 5 Very strong
TABLE II. Revised Jeffreys scale used in this work to qualify the obtained values of the logarithm of the Bayes factor of model
Mi with respect to modelMj , lnBij , in terms of strength of the evidence for modelMi.
V. RESULTS AND ANALYSIS
Recall that, by studying pressure perturbations of the IDE fluid, we found that the prefactor (1+wx) in the coupling
function Q, appearing in Eq. (15) for the IDErc1 model and in Eq. (20) for the IDErc2 model, allows us to explore
2 The code is publicly available at github.com/yabebalFantaye/MCEvidence.
9Parameters CMB CMB+BAO CMB+BAO+JLA+CC
Ωch
2 0.1248+0.0027−0.0044 0.1201
+0.0012
−0.0013 0.1198± 0.0011
Ωbh
2 0.02229± 0.00017 0.02228± 0.00015 0.02228+0.00014−0.00016
100θMC 1.04010
+0.00052
−0.00042 1.04053
+0.00035
−0.00033 1.04058± 0.00031
τ 0.071+0.019−0.017 0.080± 0.017 0.082± 0.017
ns 0.9682
+0.0047
−0.0046 0.9736
+0.0040
−0.0038 0.9739± 0.0038
ln(1010As) 3.081
+0.037
−0.033 3.101
+0.034
−0.033 3.104
+0.034
−0.033
wx −1.104+0.071−0.033 −1.096+0.057−0.026 −1.070+0.034−0.016
ξ < 0.060 < 0.014 < 0.016
Ωm0 0.339
+0.030
−0.047 0.2979
+0.0095
−0.0094 0.3022± 0.0077
σ8 0.830
+0.028
−0.025 0.850
+0.017
−0.016 0.846± 0.015
H0[Km s
−1 Mpc−1] 66.2+3.2−2.9 69.3
+1.0
−1.2 68.76
+0.72
−0.80
TABLE III. Summary of the observational constraints on cosmological parameters (including derived parameters) within the
interacting dark energy model IDErc1. The constraints are obtained adopting the CMB-only Planck TTTEEE+lowTEB dataset
(second column from the left), the CMB+BAO dataset (third column from the left), and the CMB+BAO+JLA+CC dataset
(right-most column), see Sec. IV for a comprehensive description of these dataset. We report 68% C.L. credible intervals for
the cosmological parameters, with the exception of the coupling strength ξ, for which we only report the 95% C.L. Here, Ωm0
denotes the present value of the matter density parameter Ωm = Ωc + Ωb.
Parameters CMB CMB+BAO CMB+BAO+JLA+CC
Ωch
2 0.1255+0.0032−0.0049 0.1203± 0.0013 0.1199± 0.0012
Ωbh
2 0.02229+0.00017−0.00020 0.02228
+0.00015
−0.00017 0.02228
+0.00015
−0.00016
100θMC 1.04007
+0.00051
−0.00044 1.04055
+0.00032
−0.00033 1.04057± 0.00031
τ 0.072± 0.018 0.080± 0.017 0.080+0.017−0.018
ns 0.9680± 0.0051 0.9734+0.0039−0.0038 0.9738+0.0037−0.0040
ln(1010As) 3.085
+0.039
−0.035 3.100
+0.033
−0.032 3.101
+0.034
−0.033
wx −1.097+0.067−0.030 −1.096+0.059−0.027 −1.072+0.034−0.016
ξ < 0.076 < 0.013 < 0.015
Ωm0 0.346
+0.033
−0.053 0.298
+0.011
−0.010 0.3016
+0.0078
−0.0079
σ8 0.825
+0.028
−0.029 0.850
+0.016
−0.018 0.845± 0.015
H0[Km s
−1 Mpc−1] 65.8+3.4−3.2 69.3
+0.9
−1.4 68.84
+0.70
−0.84
TABLE IV. As in Tab. III but for the IDErc2 model.
the entire parameter space of wx, bypassing the problematic point wx = −1. Stability in the evolution of linear
perturbations for both the IDErc1 and IDErc2 models is realized for ξ > 0. Having ensured their stability, we can
now describe the main observational constraints on the parameters of the two IDE models we consider. We constrain
the parameters of the models by considering the following three dataset combinations: CMB alone, CMB+BAO, and
CMB+BAO+JLA+CC (recall that these datasets are described in detail in Sec. IV).
In Tab. III and Tab. IV we summarize our main results. We report the 68% confidence level (C.L.) credible regions
of the cosmological parameters, except for the case of the coupling strength parameter ξ, for which we don’t have
a detection but only an upper limit: in this case, we report the 95% C.L. upper limit. In Fig. 1 and Fig. 2 we
show the 1-dimensional marginalized posterior distributions for selected cosmological parameters within the IDErc1
and IDErc2 models respectively. The first thing to notice is that the posterior distribution obtained from the CMB
only for wx is slightly multimodal, with a second smaller peak more pronounced for the IDErc1 with respect to the
IDErc2. This second peak seems to prefer a more phantom dark energy equation of state, and disappears as soon as
external datasets are added. This quasi-bimodal distribution prevent the CMB only cases to be fully converged, but
the impasses is passed when the BAO data select one of the two peaks.
In Figs. 3 and 4, we compare the 2D joint and 1D marginalized posteriors of the same parameters among the IDErc1
and IDErc2 models, assuming the CMB+BAO, and CMB+BAO+JLA+CC dataset combination, respectively. We
can note that the inferred values for the cosmological parameters (including ξ) vary very little across the two models.
This brings us to conclude that, from the observational point of view, the two models are practically indistinguishable.
It is interesting to note that all the three dataset combinations hint to a phantom behaviour for the EoS of DE
(wx < −1) at more than 68% C.L. for both models. The hint for phantom DE in particular becomes stronger when
the CMB+BAO+JLA+CC dataset combination is considered, as the inferred value of wx is phantom at more than
95% C.L.. As discussed previously, the forms of the DM-DE coupling [Eqs. (15,20)] in combination with the phantom
nature of the DE imply an effective coupling which leads to energy flow from DE to DM.
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FIG. 1. 1D marginalized posterior distributions for a selection of cosmological parameters of the IDErc1 model, plotted in
arbitrary units and normalized to the maximum of the posterior. The posteriors plotted are obtained from the CMB-only
dataset (gray curve), the CMB+BAO dataset combination (red curve), and the CMB+BAO+JLA+CC dataset combination
(green curve).
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FIG. 2. As in Fig. 1 but for the IDErc2 model.
Concerning the coupling parameter ξ, we find new upper limits. In particular, for the CMB+BAO+JLA+CC
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Parameters CMB CMB
Ωch
2 0.1198± 0.0015 0.1196± 0.0015
Ωbh
2 0.02225± 0.00016 0.02229± 0.00016
100θMC 1.04077± 0.00032 1.04080± 0.00031
τ 0.079± 0.017 0.075± 0.017
ns 0.9645± 0.0049 0.9649± 0.0048
ln(1010As) 3.094± 0.034 3.085± 0.033
w [−1] −1.55+0.19−0.38
Ωm0 0.3156± 0.0091 0.203+0.022−0.065
σ8 0.831± 0.013 0.98+0.10−0.06
H0[Km s
−1 Mpc−1] 67.27± 0.66 > 81.3
TABLE V. Planck TTTEEE+lowTEB constraints assuming the ΛCDM model (second column) and the wCDM model (where
the 6 parameters of ΛCDM plus the dark energy equation of state wx are varied, third column). Mean values of the parameters
are displayed at 68% C.L.
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FIG. 3. Triangular plot showing the 1D marginalized posterior distributions (along the diagonal), and 2D joint posterior distri-
butions for some selected parameters of the IDErc1 and IDErc2 models, obtained from the CMB+BAO dataset combination.
dataset combination, we find ξ < 0.016 and ξ < 0.015 for IDErc1 and IDErc2 respectively, both being 95% C.L.
upper limits. The other upper limits on ξ obtained from considering other dataset combinations are shown in Tab. III
and Tab. IV. It is worth comparing our results to other similar results obtained in the literature. In [83], an IDE
model with Q ∝ ρc was investigated, with the coupling parameter found to be ξ = 0.0008+0.0011−0.0011, and the equation
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FIG. 4. As in Fig. 3 but for the CMB+BAO+JLA+CC dataset combination.
of state correspondingly wx = −0.973+0.039−0.039, both being 68% C.L. credible intervals obtained from analyzing the
CMB+BAO+JLA dataset. These constraints are obtained assuming that the energy flow is parallel to the four-
velocity of the DM and there is no momentum transfer in the rest frame of DM. It thus follows that the DM velocity
perturbations are not affected by the interaction, which can be considered a particular case of the physical situation
realized in our scenario. Other constraints on interactions of the form Q ∝ ρc can be found in the literature, see
e.g. [84, 121–123].
It is worth investigating in more detail the physical effect of the DM-DE interaction we introduced on our cosmo-
logical observables, and in particular on the CMB temperature power spectrum CTT` , since this observable carries a
huge amount of information. In Fig. 5, we plot the theoretical values for CTT` as ξ is increased (obviously considering
only positive values of ξ, as required by the stability of the models), whereas the other parameters are fixed to their
mean values determined by their posterior distributions we obtain by analyzing the CMB+BAO+JLA+CC dataset.
In particular, for both models we fix wx = −1.07, which implies that the energy flow occurs from DE to DM, as
discussed previously. The values at which the other parameters are fixed can be found by examining the right-most
column of Tab. (III) for model IDErc1 and Tab. (IV) for model IDErc2. In order to be pedagogical and boost the
impact of increasing ξ on the temperature power spectrum, we have considered quite extreme values of ξ, namely
ξ = 0.1 and ξ = 0.5, in addition to the case ξ = 0 where there is no interaction between DM and DE. While these are
unphysically large values, they help us assessing the impact of the DM-DE interaction.
The first thing we notice from Fig. 5 is that the impact of increasing ξ is more pronounced for the IDErc1 model
than for the IDErc2 model. Let us therefore focus on the IDErc1 model (left panel) for definiteness. From Fig. 5,
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FIG. 5. Theoretical prediction for CBM TT power spectrum in presence of the DM-DE coupling for different values of ξ. Left
panel (right panel) shows the effects for the scenarios IDErc1 (IDErc2 ), respectively.
left panel, we see that the main effect of increasing ξ is a boost in the amplitude of all the acoustic peaks (especially
the first one), as well as a shift of all peaks to lower multipoles `, i.e. to larger angular scales, when compared to
the case of no interaction (ξ = 0). Finally, we also see from the low-` tail that as ξ is increased, there is a decrease
in the amplitude of the late integrated Sachs-Wolfe effect for the IDErc1 model, and an increase in the amplitude of
the same effect for the IDErc2 model. However, the effects are very small for realistic values of ξ and masked by the
large cosmic variance in the corresponding multipole region.
The shift of all peaks to lower multipoles effect is related to the well-known geometrical degeneracy present with
CMB data, and hence we expect ξ to be strongly degenerate with parameters controlling this degeneracy, such as
Ωm and H0. In particular, we expect ξ to be positively correlated with Ωm and negatively correlated with H0. This
expectation is in fact borne out by examining the joint posteriors of ξ-Ωm and ξ-H0 in Fig. 3 and Fig. 4. From Fig. 5
we see that there is little room for substantial variations of ξ within the error bars of the measurements, hence driving
the strong upper limits we obtain on ξ.
As discussed in Section III, the sign of Q, which quantifies the direction of the energy flow between DM and DE,
depends directly on wx, since H > 0 and ρi > 0, with i = c, x. Let us define the effective coupling parameter ξeff as
ξeff = (1 + wx)ξ. For the IDErc1 model we have furthermore that ξeff = Q/3Hρc, while for the IDErc2 model we
have that ξeff = Q/3H(ρc + ρx).
Fig. 6 shows the 1D marginalized posteriors of ξeff through the three data combinations carried out in this work,
for the models IDErc1 (left panel) and IDErc2 (right panel). We determine ξeff as a derived parameter from the
parametric space wx − ξ. For model IDErc1 we find the following 95% C.L. bounds on ξeff : ξeff = −0.0017+0.0016−0.0025,
ξeff = −0.0005+0.0005−0.0010, and ξeff = −0.0005+0.0005−0.0013 from the CMB, CMB+BAO, and CMB+BAO+JLA+CC dataset
combinations respectively. Similarly, for model IDErc2, we obtain the following 95% C.L. bounds on ξeff from
the same dataset combinations in the same order as previously: ξeff = −0.0018+0.0018−0.0025, ξeff = −0.0005+0.0005−0.0010, and
ξeff = −0.0005+0.0005−0.0012. We see that for all the three dataset combinations, within 95% C.L. negative values of ξeff are
inferred. This is clearly shown in Fig. 6.
As previously anticipated, we note that due to the preference for a phantom DE component (wx < −1) from
the observational constraints, the effective coupling ξeff is inferred to be negative (and consequently Q < 0) at a
significance which reaches 95% C.L. in all data combinations analyzed. The physical interpretation of this result
envisages a coupling scenario where DM decays into DE. Similar results, where Q < 0 is also preferred are obtained
in e.g. [80, 81].
For comparison, we show in Tab. V 68% C.L. credible intervals for the CMB-only dataset, assuming the ΛCDM
(second column from the left) and wCDM (where the 6 parameters of ΛCDM plus wx are varied, right-most column)
models. We do this in order to understand the effect of introducing the IDErc1 and IDErc2 coupling on the inferred
values of the other cosmological parameters. We find an important > 2σ shift of the cold dark matter physical density
towards higher values, with an error bar twice as large, when the IDE models are considered (recall that these shifts
are discussed for the CMB-only dataset).
An interesting shift, however, is that experienced by the Hubble parameter H0. As already discussed above, we
expect ξ and H0 to be negatively correlated due to their mutual effect on the angle at which the sound horizon at
last scattering is projected, which affects the position of the first peak. We expect that as ξ is increased, H0 should
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FIG. 6. 1D marginalized posterior distribution of the parameter ξeff = ξ(1 + wx), which quantifies the effective DM-DE
coupling strength and hence the direction of energy flow (from DE to DM if ξeff is negative, and from DM to DE if ξeff is
positive), obtained by analyzing the CMB-only data (gray curves), the CMB+BAO dataset combination (red curves), and the
CMB+BAO+JLA+CC dataset combination (green curves). The posteriors are plotted in arbitrary units and normalized to
their maximums. The left panel is the posterior obtained assuming the IDErc1, while the right panel is the posterior obtained
assuming the IDErc2 model. The preference for negative values of ξeff indicates that energy flow occurs from the DM to the
DE, as discussed in detail throughout the text.
decrease. This expectation is borne out by our analysis, since we see that smaller mean values with respect to the
ΛCDM case (for which H0 = 67.27 ± 0.66 km s−1 Mpc−1) are preferred (for the wCDM case we only have a lower
limit on H0). On the other hand for the IDErc1 and IDErc2 models we have H0 = 66.2+3.2−2.9 km s
−1 Mpc−1 and
H0 = 65.8
+3.4
−3.2 km s
−1 Mpc−1 respectively. Although the mean value of the posterior in the IDErc1 and IDErc2 case
is shifted to smaller values, the increase in the error bars implies that the tension with the locally determined value
of H0 = 73.24 ± 1.74 km s−1 Mpc−1 obtained by Riess et al. [89] is brought down to the level of ∼ 2σ (see also).
In other words, the introduction of the DM-DE interaction has provided a channel for reducing the > 3σ tension
between CMB and local determinations of H0. We stress, however, that the reduction of the tension is not due to a
genuine shift in the mean value of the posterior, but rather to an increase in the error bar by a factor of ≈ 5, for the
increasing of the volume of the parameter space.
It is furthermore interesting to examine how σ8 shifts, in order to investigate if the IDE could alleviate the tension at
more than 2σ present between the CMB and the weak lensing measurements from the CFHTLenS survey [92, 93, 124]
and KiDS-450 [94]. We find that this parameter moves towards lower values with respect to the ΛCDM case (unlike
in the wCDM case where it increases), while its error bar increases by a factor of 2. However, if we consider S8 ≡
σ8
√
Ωm/0.3, i.e. the quantity measured by the weak lensing experiments, we find S8 = 0.879 ± 0.030 (S8 = 0.881 ±
0.030) for IDErc1 (IDErc2 ) from the CMB only, that means a 2.7σ (2.8σ) tension with the KiDS-450 measurements for
which S8 = 0.745±0.039 [94]. Even if for CMB+BAO we find a smaller value S8 = 0.847 ±0.016 (S8 = 0.847 ±0.017)
for IDErc1 (IDErc2 ), the tension is still at 2.4σ for both the cases, and also for CMB+BAO+JLA+CC.
Interestingly, as already mentioned before, a phantom nature for the DE EoS is inferred even in the presence of the
DM-DE coupling, as already determined for the CMB-only case in the wCDM model, as well as in extended models
considered in the literature [86, 125–128].
Finally, let us discuss the results of the Bayesian model comparison analysis we have performed. We compute
lnBij (where i =IDErc1 or IDErc2 and j = ΛCDM) in order to quantify the strength of the evidence for ΛCDM. In
particular, given the definition of lnBij , a negative value of this quantity corresponds to evidence for ΛCDM, and a
positive value to evidence for the IDE model. We compute lnBij for the IDErc1 and IDErc2 models (as well as for
ΛCDM) for the CMB, CMB+BAO and CMB+BAO+JLA+CC dataset combinations using the MCEvidence code.
We find that, for the CMB only lnBij = −9.3 for model IDErc1 and lnBij = −10.4 for model IDErc2. Using the
revised Jeffreys scale of Tab. II, in both cases this corresponds to a very strong preference for ΛCDM over the two
IDE models. When adding BAO dataset we have smaller values, lnBij = −4.6 for model IDErc1 and lnBij = −4.0
for model IDErc2, that indicate a strong preference for ΛCDM over the two IDE models. When considering the
CMB+BAO+JLA+CC dataset, we find that the evidence for ΛCDM decreases further, since lnBij = −2.6 for the
IDErc1 model and lnBij = −2.4 for the IDErc2 model. In both the cases, this corresponds to a positive preference
for ΛCDM over the two IDE models. These results are summarized in Tab. VI. In conclusion, even if the concordance
ΛCDM model is always favored against the IDErc1 and IDErc2 models, we can see that the addition of further
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dataset decreases the ΛCDM evidence, with the strength of the evidence varying from very strong to strong to
positive, depending on the dataset adopted (CMB, CMB+BAO+JLA+CC or CMB+BAO).
Dataset Model lnBij Strength of evidence for model ΛCDM
CMB IDErc1 −9.3 Very Strong
CMB IDErc2 −10.4 Very Strong
CMB+BAO IDErc1 −4.6 Strong
CMB+BAO IDErc2 −4.0 Strong
CMB+BAO+JLA+CC IDErc1 −2.6 Positive
CMB+BAO+JLA+CC IDErc2 −2.4 Positive
TABLE VI. Values of lnBij , the logarithm of the Bayes factor for the two IDE models with respect to ΛCDM, obtained in
our analysis for different dataset combinations, and corresponding strength of the evidence for ΛCDM qualified according to
the modified Jeffreys scale given in Tab. II. The negative values of lnBij indicate that ΛCDM is preferred over the two IDE
models from the Bayesian evidence point of view.
VI. SUMMARY AND DISCUSSIONS
Theories where dark matter and dark energy interact play an important role in cosmology. Being initially motivated
in order to solve the cosmological constant problem and later the coincidence problem, interacting dark energy theories
have recently experienced a renewed surge of interest due to their ability of addressing the well-known tensions between
high- and low-redshift estimates of H0 and σ8.
An important problem in interacting dark energy models is that these usually lead to early-time instabilities due
to the fact that dark energy pressure perturbations are proportional to (1 +wx)−1, where wx is the equation of state
of dark energy. Therefore, for wx → −1, pressure perturbations blow up, leading to the blowing up of curvature
perturbations on super-horizon scales. For this reason, observational tests of such models were typically forced to
separate the wx parameter space into two discontinuous regions, namely the non-phantom (wx > −1) and phantom
regions (wx < −1). Obviously, this separation of the parameter space leads to information loss and might obscure the
possible observational viability of the model.
The problem outlined above can be solved by a simple transformation of the coupling parameter ξ → ξeff =
ξ(1 + wx) [101, 102]: this cancels the factor of (1 + wx)−1 in the pressure perturbations, removing the potential
instability and thus allowing one to study the entire wx parameter space without restrictions. We remark that
the effective coupling parameter for these novel types of interactions, i.e. ξeff , depends on the DE equation of
state parameter − as far as we aware, this feature has yet to be studied in the literature, if we exclude the recent
works [101, 102]. Therefore, undoubtedly, this kind of studies demand further investigations. In this work, along the
lines of [101, 102], we have proposed two new interacting dark energy models (IDErc1 and IDErc2 ). We have shown
that the models are stable for ξ > 0, independently of the values of wx. We have then constrained these models in
light of recent cosmological observations.
The observational constraints on the cosmological parameters of the two interacting dark energy models obtained
from our analyses are summarized in Tab. III and Tab. IV, as well as in Fig. 1, Fig. 2, Fig. 3, and Fig. 4. In particular,
we found new stringent upper bounds on the strength of the DM-DE coupling strength. When using the full dataset
combination (CMB+BAO+JLA+CC) we obtain ξ < 0.016 and ξ < 0.015 at 95% C.L. for the IDErc1 and IDErc2
models respectively (similar bounds are obtained from the CMB and CMB+BAO dataset combinations). On the
other hand, we find that a phantom character of the dark energy equation of state is preferred, with significance
surpassing 95% C.L. for the full dataset combination. As the effective coupling parameter ξeff = ξ(1+wx) depends on
wx, although ξ > 0 is required for the stability of perturbations, the phantom character of wx implies that 1 + wx is
negative and hence the coupling functions for both models become negative (i.e. Q < 0, since ρc > 0 and (ρc+ρx) > 0
in the interaction functions, given by Eq. (15) and Eq. (20). The physical picture then corresponds to an energy flow
from DE to DM or, depending on the fundamental physics model underlying the energy flow, a decay of DE field into
DM.
An interesting observational concern is the effect of the DM-DE coupling on the inferred value of the Hubble
parameter. We find that for both interacting models, when considering only CMB data, introducing the DM-DE
coupling lowers the inferred value of the Hubble parameter (for the IDErc1 model H0 = 66.2+3.2−2.9 km s
−1 Mpc−1,
while for the IDErc2 model H0 = 65.8+3.4−3.2 km s
−1 Mpc−1). This has to be compared with the value inferred assuming
ΛCDM (for which H0 = 67.27 ± 0.66 km s−1 Mpc−1) [87]. Although the central value we obtain is lower, we notice
16
that the error bars increase significantly. As a result of this, despite the decrease in the mean value, the value of H0
we infer within the two interacting dark energy models is actually in better agreement with the local measurements of
Riess et al. (H0 = 73.24± 1.74km s−1 Mpc−1) [89] than the value inferred from ΛCDM by Planck [87]. Thus, in the
interacting dark energy models we considered, the H0 tension is alleviated. This is in agreement with the conclusions
of similar recent works [83, 86]. However, the σ8 tension is not alleviated.
Finally, we performed a model comparison analysis where we computed the Bayes factors for the two interacting
dark energy models with respect to the concordance ΛCDM model. The results are summarized in Tab. VI. We find
that ΛCDM is always preferred over the two interacting dark energy models, from the Bayesian evidence standpoint.
The degree of preference varies from positive to strong, depending on the datasets adopted. In particular, we observe
that the strength of the preference for ΛCDM decreases when moving from the CMB-only dataset, to the CMB+BAO,
and then CMB+BAO+JLA+CC dataset combination.
In conclusion, we have constructed novel stable interacting dark energy models, wherein the strength of the DM-DE
coupling explicitly depends on the dark energy equation of state, and the stability is guaranteed for any value of the
latter. We have then constrained these interacting dark energy models against state-of-the art CMB and large-scale
structure measurements, and found that the data indicate a scenario where energy flows from the DM to the DE field,
due to the preference for phantom DE and the specific dependence of the coupling function on the DE equation of
state. We have shown that the two models can alleviate the H0 tension but not the σ8 one. Finally, we have checked
that the two models are not preferred over ΛCDM from the Bayesian evidence point of view.
Further work on these novel models is certainly warranted. There are in fact several interesting areas worth
investigating, for instance the effect of including massive neutrinos into the physical picture under examination. The
sum of the neutrino masses Mν is tightly constrained when assuming a ΛCDM background [129–143], and thanks
to prior volume effects these strong bounds are starting to provide interesting information on the mass ordering as
well [144–155], while the future appears bright with a detection realistically upcoming [156–162]. However, the picture
is expected to change significantly when a different dark energy background is assumed [38, 83, 105, 163–169]. We
hope to report the results in a companion paper after the upcoming final release of Planck results.
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